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Plánt Glutathione Peroxidases: Structural 
and Functional Characterization, Their Roles 
in Plánt Development
Krisztina Béla, Sajid Ali Khan Bangash, and Jolán Csiszár
Abstract Glutathione peroxidase (GPX) enzymes (ЕС 1.11.1.9, ЕС 1.11.1.12 and 
ЕС 1.11.1.15) are widespread among eukaryotic organisms and have pivotal role in 
peroxide detoxification. Detailed phylogenetic analysis of thiol peroxidases, includ- 
ing eukaryotic peroxiredoxins (PRXs) and eukaryotic GPXs, has revealed that plánt 
glutathione peroxidases are more closely related to mammalian hydroperoxide per­
oxidases than to fungal GPXs, and a more precise name fór them should be gluta­
thione peroxidase-like (GPXL) enzymes. Plánt GPXLs are mostly monomeric 
proteins that use the thioredoxin (TRX) system more effectively than the glutathi­
one system during the reduction of H20 2 and lipid peroxides. GPXLs were sug- 
gested to be a putative link between the glutathione-based and the thioredoxin-based 
detoxifying Systems. They possess somé functional overlaps with the PRXs and 
glutathione transferases (GSTs), with respect to the maintenance of H20 2 homeosta- 
sis by the elimination of peroxides, and are alsó involved in the reguládon of the 
redox homeostasis by maintaining the thiol-disulfide balance. In addition GPXs 
have been shown to perform other functions, including acting as redox transducers 
in abscisic acid (ABA) regulated responses, drought stress signaling, and redox- 
associated modification of nuclear proteins. Plánt GPXLs nőt only protect cells 
írom stress-induced oxidative damage, bút they have alsó implicated in the regulá­
don of processes associated with plánt growth and development. Among these pro- 
cesses, their involvement in plánt regeneration and shoot organogenesis is 
discussed.
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1 Introduction
The glutathione peroxidases (GPXs; ЕС 1.11.1.9, ЕС 1.11.1.12, and ЕС 1.11.1.15) 
were discovered 60 years ago in erythrocytes and characterized as antioxidant 
enzymes (Mills 1957). Over the years, GPXs have been extensively studied and 
described as seleno- or nonseleno-proteins that reduce H20 2 or organic hydroperox- 
ides to water or corresponding alcohols, using glutathione as the reducing substrate 
in mammalian cells (Herbette et al. 2007). In plants, homologues to one member of 
the animal GPX gene family (GPX4 or phospholipid hydroperoxide glutathione 
peroxidase (PHGPX)) have alsó been identified and isolated from several plánt spe­
cies. In 1985, Drotar et al. (1985) proved that GPX activity occurred in cultured 
plánt cells, and more recently different isoforms of plánt GPXs have been found in 
various subcellular compartments (Navrot et al. 2006; Margis et al. 2008; Attacha 
et al. 2017). The original ancestor of the GPX gene family is still unclear and with 
gene evolution has been shown to be nonlinear (Margis et al. 2008). According to 
their protein structures, GPXs can be divided intő three main polyphyletic clusters: 
vertebrates and invertebrates, bacteria and fungi, and plánt GPXs. Due to their 
structural similarity to animal GPXs, bút different activities and substrate specifici- 
ties, plánt GPXs are described as glutathione peroxidase-like enzymes (GPXLs) 
(Attacha et al. 2017). Eight GPXLs have been identified in Arabidopsis thaliana, 
which have been reported to be expressed differentially in the cytosol, chloroplasts, 
Golgi, mitochondria, nucleus, and plasma membráné (Attacha et al. 2017). In con- 
trast, Oryza sativa has only five GPXLs, predicted to be localized in the cytosol, 
chloroplasts, and mitochondria (Islam et al. 2015). Based upon phylogenetic analy- 
sis of plánt GPXL protein sequences, it has been proposed that plánt GPXLs can be 
divided intő five major groups, with GPXLs with similar predicted subcellular 
localization clustered together (Islam et al. 2015; Ozyigit et al. 2016). Between 
GPXLs several segmental duplications have been found, indicating the possibility 
of gene duplication events (Ozyigit et al. 2016).
Plánt glutathione peroxidase-like enzymes show altered substrate usage and 
lower peroxidase activity compared to true glutathione peroxidases. In addition, 
somé plánt glutathione transferases (GSTs) play important roles in abiotic and 
biotic stress responses and have greater GSH-dependent peroxidase activities, 
against H20 2 and organic peroxides, than GPXLs (Dixon and Edwards 2010).
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2 Structure of Plánt GPXLs
The protein structure of GPXs consists of Central p-sheets surrounded by a-helices 
(Koh et al. 2007), and the structure is conserved among the GPX family members, 
with only a few exceptions arising due to differences in oligomerization. Somé 
mammalian GPXs form tetramers, facilitated by their oligomerization loop between 
the аЗ-helix and рб-strand (Toppo et al. 2008), while in contrast the monomer 
PHGPXs and plánt GPXLs do nőt contain oligomerization loops (Maiorino et al. 
1995). However, Populus trichocarpa GPXL5 does nőt possess an oligomerization 
loop, bút can form a non-covalent dimer with the help of hydrophobic and aromatic 
residues (Koh et al. 2007).
Evén plánt GPXs, which are closely related to animal PHGPXs (Margis et al. 
2008), differ in the cysteine type and number of cysteines in their catalytic sites. 
PHGPXs are selenoenzymes and have a selenocysteine that is responsible fór the 
peroxidase activity (Toppo et al. 2008; Tosatto et al. 2008; Toppo et al. 2009), while 
plánt GPXLs are seleno-independent proteins and contain cysteines in their active 
site (Eshdat et al. 1997). In addition, animal GPXs possess two cysteines (one sele­
nocysteine and one cysteine), while plánt GPXLs contain three cysteines, only two 
of which, the peroxidatic and the resolving cysteines, take part in the catalytic cycle 
(Navrot et al. 2006; Koh et al. 2007). During the reduction of peroxide, a sulfenic 
acid is formed on the peroxidatic cysteine; after that the resolving cysteine can form 
an intramolecular disulfide bridge with the peroxidatic cysteine. This organization 
is nőt universal in all plánt species, fór example, the third cysteine is the resolving 
type in somé plants, e.g., poplar (Navrot et al. 2006), bút in Chinese cabbage it has 
been established that both the second and the third cysteine can be responsible fór 
disulfide bridge formádon (Jung et al. 2002). The intramolecular rearrangement of 
plánt GPXLs during the catalytic cycle and regeneration is similar to that of the 
peroxiredoxins (PRXs), because of their substrate specificity, and these plánt 
GPXLs are considered as a fifth group of peroxiredoxins (Navrot et al. 2006; 
Rouhier and Jacquot 2005). Fór regeneration, GPXs normally use reduced GSH, bút 
may react alsó with reduced thioredoxin (TRX) (Koh et al. 2007). Plánt GPXLs 
prefer TRX fór the regeneration system (Jung et al. 2002; Iqbal et al. 2006) (Fig. 4.1).
3 Biochemical Characterization of Plánt GPXL Enzymes
GPXs in animals are the major antioxidant enzymes responsible fór protecting cells 
against oxidative stress via the reduction of H20 2 and organic hydroperoxides using 
reduced glutathione (Maiorino et al. 1995) or thioredoxin as substrates (Bjomstedt 
et ál. 1994). In plants, H20 2 elimination is mainly carried out by ascorbate peroxi­
dase (APX) and catalase (CAT) isoenzymes (Ozyigit et al. 2016), since plánt GPXLs 
have lower peroxidase activities. A possible explanation fór this was proposed by 
Maiorino et al. (1995) who demonstrated that replacing a selenocysteine fór
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AtGPXL8
AtTRXh3
Fig. 4.1 Model of the Arabidopsis GPXL8 and TRXh3 complex interactíon, 3D protein structures 
created by PyMOL software (PyMOL Molecular Graphics System, Version 1.8 Schrödinger, 
LLC). The model based on poplar GPXL5 by Koh et al. (2007). During the GPX regeneration, the 
CYS-39 of TRXh3 forms a disulfide bond with the CYS-89 of GPXL8, while aromatic residues 
could involve in the protein-protein interaction (Koh et al. 2007)
cysteine in an animal PHGPX, as found in plánt GPXLs, leads to a drastic decrease 
in enzyme activity.
Herbette et al. (2002) investigated two plánt GPXL isoenzymes from sunílower 
and tomato. They have found using GSH as a regeneration substrate that these 
enzymes showed low activities against organic hydroperoxides (vmax = 15.8-
57.5 nmol*min_1*mg_1; Km -  12.1-128 pM) and undetectable activities toward 
H20 2. Nonetheless, using purified E. coli TRX as an electron donor, these enzymes 
showed increased activities against organic hydroperoxides (vmax = 108.7-
169.5 nmol*min-1*mg-1; Km = 8.6-16.6 pM) and H20 2 (vmax = 147.1- 
153.8 nmol*min_1*mg_1; Km = 13.7-13.9 pM) as well (Herbette et al. 2002). Similar 
substrate preference has been found fór Chinese cabbage (Jung et al. 2002), poplar 
(Navrot et al. 2006), and Arabidopsis (Iqbal et al. 2006) GPXLs.
Most plánt GPXLs prefer TRX as a reduction substrate, compared to GSH (Jung 
et al. 2002; Iqbal et al. 2006). Their connection to both GSH and TRX systems was 
alsó indicated by characterization of Arabidopsis root meristemlessl (rmll) mutant, 
which is severely limited in GSH synthesis capacity (Vemoux et al. 2000).
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Transcriptome profiling of the rmll-1 revealed altered expression of different GSH- 
and TRX-dependent genes, such as GSTs, TRXs, and GPXLs compared to wild 
type (Schnaubelt et al. 2015).
4 Involvement of GPXs in Signaling
Reactive oxygen species (ROS), such as superoxide radicals (0 2' ), hydrogen perox- 
ide (H20 2), hydroxyl radicals (OH’), and singlet oxygen (*02), are Janus-faced ele­
ments and are toxic to cells, causing oxidative damage to macromolecules, bút can 
alsó function as signaling molecules. Among the ROS, H20 2 is a relatively stable 
molecule (with a longer half-life) with a selective reactivity that favors Cys- 
containing proteins and peptides. Oxidative modification of a Cys thiol group to a 
sulfenic acid (Cys-SOH) can act as a regulatory switch (Ma et al. 2007). However, 
while Cys-SOH formádon is reversible, Cys-SOHs can react rapidly with other thi- 
ols (GSH) to form intra- or intermolecular disulfides (S-glutathionylation), protect- 
ing Cys-SOH against overoxidation (Waszczak et al. 2014). GPXs act as 
intermediates that can transfer the redox signals, allowing the oxidation of regula­
tory proteins that are otherwise nőt directly able to react with H20 2. The oxidation 
of cysteine-containing proteins involved in signaling, such as phosphatases, kinases, 
and transcription factors, may cause a change in their biological activity; therefore, 
different pathways can be initiahzed (Luo et al. 2005; Marinho et al. 2014).
The S. cerevisiae GPX3 is one of the most important antioxidant enzymes that 
modulates the activities of redox-sensitive thiol proteins, particularly those involved 
in signal transduction pathways and protein translocation. This nonselenoenzyme is 
able to interact with transcription factor Yapl and responds to variations of H20 2 
levels. Yapl contains two cysteine-rich regulatory domains that can be oxidized by 
ROS or thiol-active electrophiles resulting in intramolecular disulfide bond forma- 
tion and nuclear locahzation (Delaunay et al. 2002; Herrero et al. 2008). If the 
nuclear export of Yapl is decreased and Yapl is retained in the nucleus, it can regu- 
late its target genes (Delaunay et al. 2000). As a result the Yapl transcription factor 
activates the expression of antioxidant genes and so regulates hydroperoxide 
homeostasis in yeast (Delaunay et al. 2002), indicating that GPX3 can act as H20 2 
receptor and redox transducer. Kho et al. (2006) found that GPX3 interacts alsó with 
methionine sulfoxide reductase (MXR1), through the formádon of an intermolecu­
lar disulfide bond. MXR1 reverses the inactivation of proteins caused by the oxida­
tion of critical methionine residues by reducing methionine sulfoxide to methionine. 
Under physiological conditions, Cys82 of GPX3 binds to Cysl76 of MXR1. Upon 
oxidative stress, this disulfide bond is broken, and Cys82 of GPX3 is able to bind to 
Cys36-SOH through a thiol-disulfide exchange reaction. Accordingly, MXR1 is 
released and can repair oxidized proteins. The interaction between GPX3 and 
MXR1 may serve as an important and efficient regulatory link between ROS detoxi- 
fication enzymes and repairing proteins (Kho et al. 2006).
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The role of GPXs in signaling occurs in a wide rangé of organisms. Selenocysteine- 
containing GPXs are reactive with H20 2 and could take part in H20 2-based redox 
regulation. In mammalian sperm, GPX4 after oxidization by H20 2 acts as a signal 
transducer and is able to react with sperm mitochondria-associated cysteine-rich 
proteins, causing a reshuffling of the target protein cysteine residues, leading to the 
assembly and stabilization of spermatozoa mitochondrial capsule, and enhancing 
sperm motility (Maiorino et al. 2005). This signaling pathway is possibly regulated 
by the glutathione redox State, as the reduced glutathione is an antagonist regenera- 
tion substrate of the GPX4. Lack of GPX4 alsó promotes apoptotic signaling as the 
accumulation of phospholipid-hydroperoxides stimulates the release of apoptosis- 
inducing factor to the nucleus (Seiler et al. 2008). It has been shown that mamma­
lian GPX1 has many cellular functions within the cell. It protects cells írom 
oxidative damages, regulates metabolism and mitochondrial function, and Controls 
cellular processes, such as apoptosis, growth, and signaling by modulating intracel- 
lular levels of hydrogen peroxide and the overall intracellular redox balance. GPX1 
is imphcated in inflammation processes, somé cancers, and cardiovascular diseases 
(Lubos et al. 201 la; Lubos et al. 201 lb). GPX1 alsó regulates insulin signaling by 
affecting the level of H20 2, which is required fór the oxidative inactivation of pro­
tein tyrosine phosphatase ip. Overexpression of the GPX1 enzyme leads to obesity 
and diabetes in mice (McClung et al. 2004). The non-selenocysteine containing 
mammalian GPX7 interacts with numerous proteins including 78-kDa glucose- 
regulated protein (GRP78) and protein disulfide isomerase (PDI). Upon oxidative 
stress, GPX7 is activated and transmits the disulfide bonding to specific proteins and 
tums on their activities to eliminate the stress, e.g., by facilitating protein folding in 
ER (Chen et al. 2016).
Plánt GPX-like enzymes alsó play important roles in ROS-based signaling. According 
to the results of Miao et al. (2006), Arabidopsis GPXL3 functions as both a generál 
scavenger and as an oxidative signal transducer specifically relaying the H20 2 signal in 
abscisic acid (ABA) and drought stress signaling. AtGPXL3 physically interneted with 
the 2C-type protein phosphatase ABA-insensitive 1 and 2 (ABI1 and ABI2) proteins. 
The redox States of both AtGPXL3 and ABI2 were found to be regulated by H20 2. The 
phosphatase activity of ABI2, measured in vitro, was reduced approximately fivefold by 
the addition of oxidized AtGPXL3. The reduced form of ABI2 was converted to the 
oxidized form by the addition of oxidized AtGPXL3 in vitro, which might mediate ABA 
and oxidative signaling. The atgpxB mutation disrupted the ABA activation of calcium 
channels and the expression of ABA- and stress-responsive genes (Miao et al. 2006). 
The connection between a Ca2+-mediated signal transduction pathway and the H20 2 
activation of GPXL& was reported alsó in tobacco BY-2 cells (Kadota et al. 2005). The 
working of the oxidative stress-responsive putative voltage-dependent Ca2+-permeable 
channel and the expression of peroxidases showed cell cycle dependence (Kadota et al. 
2005). In Arabidopsis thaliana, GPXL8 enzyme localizes both in the cytosol and in the 
nucleus. Gaber et al. (2012) suggested that GPXL8 nőt only protects the cellular com- 
ponents against oxidative damages, bút alsó has a role in redox modification of proteins, 
therefore taking part in nucleus signal transduction. The investigations of the role of 
tomato GPXL enzymes provided another example fór involvement of GPXLs in signal-
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ing. Overexpression of tomato GPXL5 led to accumulation of the RanBPl (Ran-binding 
protein 1) signaling protein and a Calvin cycle-related protein, indicating a possible 
reguládon of GPXL5 over photosynthetic processes (Herbette et al. 2005). Moreover, 
another S1GPXL has a function in apoptotic signaling, similarly to what was reported in 
animal GPX4 (Seiler et al. 2008). It can prevent the cells from Bcl-2-associated X pro­
tein (Bax)-induced cell death and is able to delay senescence by the reduction of phos- 
pholipid-hydroperoxides (Chen et al. 2004).
Because plánt GPXLs have a weak activity toward H20 2, compared to APX and 
other peroxidases, they are regarded as being less important as peroxide scavengers 
(Eshdat et al. 1997), so it has been suggested that they may have other functions in 
plánt cells (Milla et al. 2003; Herbette et al. 2007; Passaia and Margis-Pinheiro 
2015). The most noteworthy discovery was that lack of GPXL function affected 
plánt growth and development (Passaia et al. 2013; Passaia et al. 2014; Lima-Melo 
et al. 2016; Wang et al. 2017).
5 Role of GPXLs in Plánt Development
Recently, there is increasing evidence fór interactions between the glutathione and 
thioredoxin systems and the maintenance of the cellular redox homeostasis, which is 
critical fór normál development, and successful organogenesis and regeneration of 
cultured cells (Marty et al. 2009; Bashandy et al. 2010; Lu and Holmgren 2014). 
Metabolic oxidation and GSH entrance intő the nucleus is a crucial regulator of the 
cell cycle and cell differentiation (Diaz Vivancos et al. 2010). Fór the Gl-S-phase 
transition of the cell cycle to occur, increased GSH levels are necessary; however, 
increased GSSG levels lead to arrested cell proliferation. Arabidopsis rmll mutants 
with severe GSH deficiency are unable to maintain the root apical meristem; however, 
the shoot apical meristem is nőt greatly affected, probably because of thioredoxin- 
dependent control (Diaz Vivancos et al. 2010). Moreover, the levels of GSH cause 
changes in antioxidant gene expression in rmll mutant plants. Fór example, the 
GSTF11, GSTF14, GSTU20 and GPXL1, and GPXL7 are downregulated, while 
GSTF6, GSTF16, GSTU1, GSTU4, GSTU24, GSTU25, and GPXL6 are upregulated 
in rmll shoots, compared with wild-type plants (Schnaubelt et al. 2015). The glutathi­
one redox potential has been suggested to act as a key determinant of cell death and 
dormancy in plants (Kranner et al. 2006). Furthermore, plants contain a large number 
of thioredoxins, which are somé of the Central players of thiol-disulfide homeostasis, 
and have important roles in plánt growth, development, and chloroplast development. 
Fór example, Arabidopsis trxh9 mutant plants are dwarfed with small yellowish 
leaves (Meng et al. 2010), trxz mutant seedlings have yellowish leaves and show lim­
ited growth, and without sucrose supplementation the mutation is lethal. Tobacco 
plants with silenced TRXZ gene alsó showed a similar phenotype (Arsova et al. 2010).
Utilizing the publicly available microarray and massively parallel signature sequenc- 
ing (MPSS), data (https://www.genevestigator.com/gv/plant.jsp, http://mpss.udel.edu/ 
at) revealed that expression profiles of Arabidopsis and rice GPXLs exhibit tissue and/
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or organ specificities and are responsive to developmental stages (Béla et al. 2015; 
Islam et al. 2015). Fór example, the relatively high transcription level of AtGPXLl, 
AtGPXL2, AtGPXL3, and AtGPXLó in shoot apical meristems, seedlings, and rosette 
leaves suggests the physiological importance of the encoded isoenzymes in shoot 
development. The transcription of AtGPXL2, AtGPXL3, and AtGPXL8 is activated 
under germination, while that of AtGPXLl, AtGPXLA, AtGPXLó, and AtGPXL7 is 
repressed. During growth of pollen tűbe, the expression level of AtGPXL7 and 
AtGPXLó increased; furthermore, a very high level of transcript amounts of AtGPXLA 
and AtGPXLó was found both in pollen and stamen (Béla et al. 2015). While in 
Arabidopsis the AtGPXLl and AtGPXLó showed high level of constitutive expression 
in silique, root, and inflorescence stage, in rice the OsGPXLl and OsGPXLl transcripts 
were the most abundant forms of GPXLs in all the analyzed tissues (Islam et al. 2015). 
The mitochondrial OsGPXL3 proved to be essential fór normál Oryza sativa shoot 
development and seed production (Passaia et al. 2013) and fór root development and 
photosynthesis (Lima-Melo et al. 2016). Mutation in OsGPXLó caused lower germina­
tion rate, reduced growth, and less füled grains compared to wüd-type plants (Wang 
et al. 2017). Interestingly, 4-week-old Arabidopsis knockout mutants of GPXL7 under 
short-day conditions have greater rosette and under long-day photoperiod have more 
leaves than wild-type plants, indicating the role of GPXL7 in shoot development 
(Passaia et al. 2014). The relevance of AtGPXL7 in hormone-mediated root develop­
ment, especiaüy in lateral root development, was alsó demonstrated by using 1-naph- 
taleneacetic acid and synthetic strigolactone treatments (Passaia et al. 2014).
In süico searching fór the ds-acting elements involved in different hormoné 
regulation resulted in identification of auxin and methyl jasmonate response ele­
ments (in the 5' regulator region of AtGPXL2, AtGPXLó, AtGPXL7, and AtGPXLó), 
gibberellin-responsive elements (in the upstream regulatory region of AtGPXLó and 
AtGPXLó), abscisic acid-responsive elements (in AtGPXLl, AtGPXL2, and 
AtGPXLó), and ethylene responsive element (in AtGPXLl, AtGPXLA, and 
AtGPXLó). Additionally, meristem-specific ds-regulatory elements and seed devel­
opment specific sequences were alsó identified in most of AtGPXL genes except fór 
AtGPXLA (Béla et al. 2015).
Overexpression of a GPXL from Citrus sinensis displayed difficulties in the 
plánt regeneration (Faltin et al. 2010). Because ROS homeostasis has essential role 
in the early stage of shoot organogenesis (Gupta and Datta 2003; Tian et al. 2003), 
and uncontrolled reduction of ROS leads to disruption of organ differentiation, this 
observation verifies the role of this enzyme in shoot organogenesis (Vemoux et al. 
2000; Faltin et al. 2010).
6 Concluding Remarks
Biochemical properties of plánt GPXs have several specific features: (1) they contain 
cysteine in their active site instead of the selenocysteine widespread in the living 
organisms, (2) they have lower peroxidase activity than Se-Cys-containing GPXs,
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(3) several isoenzymes prefer to use TRX rather than GSH as a reductant compound, 
and (4) they may interact with regulatory proteins. Because of the substantial dififer- 
ences, and to avoid confusion resulting from nomenclature that is based on sequen- 
tial homology with animal GPXs, plánt GPXs are recently renamed as glutathione 
peroxidase-like (GPXL) enzymes (Attacha et al. 2017). Here we outlined that non- 
seleno GPXs could act as activated oxygen species sensors, hence being able to take 
part in ROS-mediated signahng pathways by oxidative modification of Cys thiol 
groups. In animals and yeast, increased numbers of GPXs have been proven to have 
important role in transcription factor activation or enzyme modification.
According to present knowledge, the thiol-dependent activities of plánt GPXL 
enzymes propose their involvement in cellular redox homeostasis by modulating the 
disulfide State and maintaining the NADPH/NADP* balance. In the light of the 
recent findings, GPX and GPXL enzymes are nőt simply enzymatic compounds of 
the antioxidative defense. Plánt GPXLs have crucial role in the correct plánt devel- 
opment and in the maintenance of the redox State of cellular compounds either using 
GSH or TRX as substrate. They have a function in: (1) hormone-mediated growth 
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Fig. 4.2 Functions of glutathione peroxidases and glutathione peroxidase-like enzymes in cellular 
process. GPXs glutathione peroxidases, GPXLs glutathione peroxidase-like enzymes, GSH 
reduced glutathione, GSSG oxidized glutathione, L-ООН lipid-hydroperoxide, LOH lipid-alcohol, 
TRXKd reduced thioredoxin, TRXm oxidized thioredoxin
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opment, and (4) suppression of programmed cell death. Although GPXLs are 
important elements of the normál development, until now only a few evidence have 
been found in plants about their functions as a signal transducer (Fig. 4.2). It is clear 
that there is still much more to discover about the full relevance of GPXs/GPXLs in 
plants. In the future, further studies will be required to characterize and identify the 
additional interaction partners of GPXs/GPXLs and thus get closer to a model fór 
the whole signaling pathway network.
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